BACKGROUND: Asthma is a common childhood respiratory disease, affecting around 20% of Irish children. In other populations, vitamin D receptor (VDR) polymorphisms have been associated with asthma risk. We aimed to investigate the association between 2 VDR polymorphisms and uncontrolled paediatric asthma. METHODS: 44 asthmatic children and 57 healthy volunteers were studied. The VDR TaqI gene variant in exon 9 (T/C) (rs731236) and ApaI (rs7975232) in intron 8 (C/T) were determined, using TaqMan ® Assays. The lung function, serum 25-hydroxyvitamin D (25OHD) levels and other biomarkers of allergy, immunity, airway and systemic inflammation were assessed. RESULTS: The distribution of T and C alleles and genotype frequencies differed significantly between asthmatics and controls for both polymorphisms (p<0.05). A significant association was found between both TaqI [OR = 2.37, 95% CI (1.27-4.45), p=0.007] and ApaI polymorphisms, and asthma risk [OR=2.93, 95% CI (1.62-5.3), p=0.0004]. No association was observed between genotypes and 25OHD levels, lung function and other biomarkers, with the exception of Interleukin-10 (IL-10) and white blood cells count (WBC). IL-10 levels were lower in asthmatics with TC genotype for TaqI polymorphism (p < 0.01) and were higher in patients with TT genotype for ApaI (p < 0.01). WBC were higher in patients with TC and CC genotypes for TaqI (p < 0.05) and lower in TT genotype for ApaI (p < 0.05). CONCLUSION: TaqI and ApaI polymorphisms are associated with asthma in Irish children. Further studies are warranted to investigate the importance of decreased IL-10 levels in paediatric asthmatics with specific genotypes.
INTRODUCTION
Asthma is a chronic heterogeneous respiratory disease with both genetic and environmental components. It is the most common chronic disease in Ireland, affecting about 20% of children. Vitamin D receptor (VDR) polymorphisms are associated with asthma and allergy susceptibility [1, 2] . VDR is widely expressed in human lungs throughout the full epithelial layer, as is 1a-hydroxylase [3] , which is responsible for the formation of the active vitamin D metabolite, 1a-calcitriol (1α,25(OH)2D3). Vitamin D might influence the regulation of adaptive and innate immune functions, and the proliferation and differentiation of many cell types [4] , and it may influence airway remodelling [5] .
Vitamin D deficiency (VDD) is common worldwide, particularly in children [6, 7] , and several medical conditions are associated with low serum levels of 25-hydroxyvitamin D (25OHD), including asthma [8, 9] .
It remains controversial whether vitamin D supplementation, which is broadly recommended for bone health, has significant effects in children with asthma. In our recent study of Vitamin D supplementation in paediatric asthma in Ireland, 50% of the children were vitamin D deficient (25OHD levels <50 nmol/L) [10] , but Vitamin D supplementation led to improved asthma control only in selected children,
suggesting that VDR genetic variants may influence the effects of Vitamin D on the asthmatic airway. Some children who did well during the study have low vitamin D levels at the baseline, and some have high (25OHD levels >50nmol/L), but only 44% of patients achieved 25OHD levels over 100 nmol/L after supplementation. We used blood samples from the study mentioned above [10] for our genetic investigations.
The VDR binds to its ligand 1α,25(OH)2D3. It belongs to the nuclear receptors family of trans-acting transcriptional regulatory factors and it shows a sequence similarity to the thyroid's and steroids' hormone receptors. The VDR gene is known as a pleiotropic gene, and is associated with numerous conditionssuch as autoimmune, inflammatory, and allergic diseases, including asthma. The gene maps to chromosome 12q13.11 [11] , contains nine exons with at least six isoforms of exon 1, encodes a 427 amino acid protein.
Han et al. suggested that VDR polymorphisms, rather than vitamin D levels, could be developed as biomarkers for asthma susceptibility [12] . The association between genetic variants of VDR and paediatric asthma has been studied in different ethnic groups [13] [14] [15] [16] .
Over 900 genes may be transcribed by VDR [17, 18] . Jolliffe et al. suggested that variation in VDR might prove a more important determinant of the expression of diseases like asthma than circulating 25OHD [19] .
Several single nucleotide polymorphisms (SNPs) in the VDR gene have been discovered,
including ApaI and TaqI, which are named after the corresponding restriction enzymes used in restriction fragment length polymorphism (RFLP) analysis.
In this pilot study we aimed, first, to determine the VDR gene variants TaqI in exon 9 (T/C) and ApaI in intron 8 (C/T) in symptomatic paediatric asthmatics, and in healthy volunteers in Ireland; secondly, to investigate the impact of these polymorphisms in asthma susceptibility in relation to lung function, 25OHD, and other indices; and finally, to examine the possibility of using these polymorphisms as potential biomarkers for asthma.
METHODS
The study was carried out at the National Children's Hospital, Tallaght, James Connolly Memorial Hospital Dublin, and Biomnis Ireland (Dublin, latitude, 53°N) after receiving institutional review board approval from both hospitals, and having obtained consent from parents, guardians and the healthy adults who were involved.
Subjects and study design
Asthmatic children were recruited from paediatric respiratory out-patient clinics for a vitamin D supplementation study (the trial was registered at ClinicalTrials.gov. Identifier: NCT02428322) [10] . Our 44 subjects were Caucasian, aged 6-16, and established on antiasthmatic medication with previous diagnosis of uncontrolled asthma according to the Global Initiative for Asthma 2011 guidelines [20] . The healthy 57 subjects had no personal or family history of asthma or other respiratory illnesses, or bone, articular, renal or any other chronic diseases. Controls (healthy subjects) were recruited for this study of VDR. We examined two RFLPs in the VDR gene in both groups. We also studied the relationship between the polymorphisms and different biomarkers and subjective and objective asthma parameters in a cohort of asthmatic children. All these patients were known uncontrolled asthmatics on established anti-asthma therapy. A clinical nurse specialist assessed adherence to anti-asthma medication. Spirometry was carried out according to the American Thoracic Society/European Respiratory Society, with the spirometry module of the V-max Encore System (Carefusion). Results were presented as a percentage of predicted values [21] .
Subjective asthma control and quality of life scores were calculated. They combine the Global Initiative for Asthma score (GINA), the Childhood Asthma Control Test (C-ACT), and the Paediatric Asthma Quality of Life Questionnaire (PAQLQ).
Statistical analysis
Allele and genotype frequencies were calculated by direct counting. The χ² and (when the expected count was lower than 5) Fisher's exact tests were used to compare frequencies between cases and controls, and also for Hardy-Weinberg equilibrium determination. In investigating genotypic associations, odd ratios (OR) were reported for the allelic distribution. For group comparisons for biomarkers we used the t-test and Kruskal-Wallis test. Mean for biomarkers' values of genotypes in groups were compared with one-way ANOVA and Tukey's multiple comparisons test. P value <0.05 counts as significant. We used GraphPad Prism 5, Version 5.01 software.
Laboratory Methods

Biochemistry and FBCs
Venous blood was collected into BD Vacutainer tubes® containing EDTA and no additive. Serum concentrations of intact parathyroid hormone (PTH), albumin, total calcium, alkaline phosphatases, phosphate, total IgE, immunoglobulin A, and high sensitivity C reactive protein (hsCRP) were measured, using commercially available diagnostic kits on the automated analyser Abbott Architect ci8200. The between-run and within-run CVs for these assays ranged between 1% and 6%.
Eosinophil cationic protein (ECP) was analysed on the Phadia 250, using fluorescent enzymeimmunoassays (ImmunoCAP Technology) with a between-run CV<7% and minimum detectable level of 2 ug/L (normal range: 11.1-13.3 ug/L).
Serum levels of Interleukin-10 (IL-10) and CAMP (cathelicidin antimicrobial peptide) were determined by human enzyme-linked immunosorbent assay method (ELISA kit assays, Damastown, Dublin 15), with intra-and interassay CV<8%. All assays were analysed with kits of the same lot number. and p = 0.03, respectively). (Table 1 ) Subjective asthma parameters and biomarkers, such as C-ACT, PAQLQ, ECP and hsCRP did not show any significant difference. IgE was an exception ( Fig.1 ). Although the VDS group showed clinically preferable results compared with the VDD group, none of these differences were statistically significantexcept IgE.
Genotyping of TaqI and ApaI polymorphisms
( Fig.1 ). Consistent with previous reports, negative correlation was found between IgE and 25OHD levels (p=0.023) in all patients studied ( Fig.2 ).
We found that the distribution of T and C alleles and genotype frequencies varied significantly between asthmatics and controls for both polymorphisms (p <0.05). (Tables 2,   3 ). The alleles' frequencies were significantly different, as shown by 37% prevalence of C 
DISCUSSION
In our pilot study we examined 25OHD levels and asthma symptom control in relation to
TaqI and ApaI VDR polymorphisms in Irish children with uncontrolled asthma. and different asthma phenotypes. We found a significant association between TaqI and ApaI SNPs and susceptibility to uncontrolled paediatric asthma. We also observed lower serum levels of IL-10 and increased WBC and neutrophils in children with specific genotypes for these polymorphisms.The Genetic Association's studies on VDR SNPs and asthma are conflicting, and the role of VDR polymorphisms remains unclear [1, 12, 13] . One explanation for such a discrepancy between these studies may be differences in ethnicity and geographic location.
TaqI and ApaI SNPs were well-studied in different asthmatic populations. We examined these polymorphisms in Irish uncontrolled pediatric asthmatics.
The results of our work on the associations between the two polymorphisms examined and asthma agree with other studies [14, 22] in which TaqI has been linked with asthma in paediatric patients. We also found an association between ApaI and asthma susceptibility.
Children carrying the risk T allele for ApaI are nearly 3 times more susceptible to asthma.
These findings agree with studies by Saadi et al [23] and Iordanidou et al [2] ; the latter showed that ApaI 'a' allele was also associated with improved asthma control in children.
The TaqI (rs731236, c.1056T >C, p.Ile352Ile) is a synonymous polymorphism at codon 352 (isoleucine) in exon 9 of the gene, and this T>C alteration does not result in amino acid sequence change [24, 25] . The ApaI (rs7975232, c.1025-49G>T) is located in the intron 8 of the VDR gene [17] . The two tested polymorphisms do not cause any structural changes of the VDR protein, but they are linked with other functional SNPs and may take part in a complex gene network enhancing or inhibiting the expression of VDR target genes.
The ApaI and TaqI polymorphisms are located at the 3' end of the gene and are near the regulatory 3' untranslated region (3'-UTR) of mRNA. This indicates that they have the potential to alter splicing regulation. When the ApaI and TaqI SNPs are found in specific haplotypes, they affect VDR mRNA stability and the rate of transcription, and this may result in altered protein expression [24] [25] [26] [27] [28] . For example, in our study both SNPs were in linkage disequilibrium in paediatric asthmatics, but not in healthy volunteers.
Alternatively, epigenetic modifications in the VDR gene can suppress VDR transcription. In a study on tuberculosis susceptibility in lymphoblastoid cell lines, Andraos et al. have demonstrated that the TaqI variant resides on a CpG island and the C allele is always methylated. They also showed that there are interactions between TaqI, methylation levels, ethnicity, and tuberculosis susceptibility [29] . Consequently, we can hypothesise that this SNP may serve as a marker of methylation for other "functional'' polymorphisms in the VDR gene or in nearby genes. TaqI SNP is located in the exon 9 which encodes the ligand-binding region of the VDR [30] . The DNA methylation and histone modifications in these regions can change the chromatin state from an open to a closed conformation. It could lead to transcriptional repression of these genes. The expression of genes involved in Vitamin D metabolism are deregulated in various chronic diseases, and these changes may be partially accredited to epigenetic modifications [31] .
The most consistent and significant environmental risk factor for the development of childhood-onset asthma is exposure to tobacco smoke. It has often been claimed that in utero tobacco smoke exposuresmoking of the mother previous to pregnancy, and even smoking by the grandmotheris linked to the occurrence of asthma in children or grandchildren, respectively [32, 33] . Parental smoking affects the methylation of CpGs in relation to numerous genes investigated in DNA collected from children's buccal cells [34] .
Over a quarter of the children in our study live with a parent who smokes, but the distribution of the genotypes for TaqI SNP did not vary significantly between these children and those of non-smokers. A special and larger study may be needed to seek an association between TaqI polymorphism and passive smoking in asthmatic children.
Like some other researchers [32] , we have found negative association in our paediatric patients between 25OHD level and total IgE. In comparison with other studies [22] , we saw no significant association between TaqI and ApaI and IgE. But we should emphasise that 70% of our children were atopic with elevated IgE level.
In agreement with many other studies [1, 13] , we found no associations between genotypes and serum 25OHD. Interestingly, IL-10 levels were significantly low in asthmatics with TC and CT genotypes for TaqI and ApaI. WBC was significantly high with a trend toward a higher Neutrophils count in patients with TC and CC genotypes for both SNPs. IL-10 is a cytokine that shows mainly suppressive effects on innate immunity, but it has also stimulatory effects on adaptive immunity. IL-10 is widely expressed among innate and adaptive immune cells [33] . It restricts the ability of antigen presenting cells to promote the differentiation and proliferation of CD4 + T cells, and it influences the initiation and progress of adaptive T cell responses. IL-10 also inhibits the expression of numerous proinflammatory cytokines, thus further suppressing the ability of effector T cells to prolong inflammatory responses [34] . 1α,25(OH)2D3 induces the expression of IL-10 in different cells of the immune system. Thereby it helps bring about the known immunosuppressive effects of Vitamin D [38] [39] [40] . Matilainen et al. showed that the effect of 1α,25(OH)2D3 on the expression of IL-10 is achieved through cyclic recruitment of VDR to Vitamin D response elements (VDREs) within a promoter region of the IL-10 gene [35] . Up-regulation of IL-10 by vitamin D suppresses the innate immune response, in order to avoid the effects of longlasting inflammationsuch as tissue damage and development of chronic illnesses [36] [37] [38] [39] .
Based on our findings we can hypothesise that patients with specific genotypes for TaqI and ApaI have suppressed IL-10 production due to a decrease in expression of VDR. This can lead to the deregulation of innate immune responses and to the continuation of inflammatory processes. The increased levels of the neutrophils and WBC in patients with these SNPs support this interpretation. It may be possible to use these genotypes as predictive biomarkers of chronic asthma.
Over half of our patients were VDD, and low levels of 25OHD may be responsible for the suppression of their IL-10, due to insufficient production of the active form 1α,25(OH)2D3.
This active form of Vitamin D has potent effects on both innate and adaptive immune responses, as has often been shown [43] . Sufficient 25OHD levels may be vital, since they influence local tissue concentrations of the active metabolite [40, 41] . Ojaimi et al. have suggested that serum 25OHD levels as high as 120 nmol/L may be necessary for optimal immune function [42] . This could explain why in our Vitamin D supplementation study [10] we did not observe any beneficial effects of vitamin D on asthma biomarkers in our patients.
Only 20% of VDD subjects achieved 25OHD levels >120 nmol/L after 15 weeks of supplementation with 2000 units each day. In the VDS group 63% of the patients achieved these levels. It can partially explain why after supplementation the VDS group had significantly fewer days of school missed and fewer steroid requirements than all other groups [10] . We could not make any conclusions regarding the genotypes' effects on different asthma parameters and biomarkers after supplementation, probably due to the small number of children in both groups. We should point out the importance of phenotypical differences in our patients. Two of the children (both female) were obese and VDD. Only one of them improved significantly after supplementation without achieving 25OHD level over 120 nmol/L, and her genotype was TT for TaqI and ApaI. But the other patient, who was non-atopic and had heterozygous genotypes for both SNPs, did not improve after supplementation. We hypothesise that in obesity-related asthma, genotypical investigation can be used to predict a beneficial response to vitamin D treatment. And we furthermore suggest that any benefit from vitamin D supplements can be achieved only in patients who have specific genotypes with particular asthma phenotypes. Patient selection might help clarify whether vitamin D can be useful for enhancing asthma therapy.
We admit that the main limitation of our pilot study is our limited sample size, but in a small country it is difficult to recruit a sufficient number of paedriatric patients with uncontrolled asthma. In this paper we explored only two VDR polymorphisms TaqI and ApaI, without
including others VDR SNPs such as FokI, BsmI and Tru9. We also limited our study to the IL-10 measurements, and we did not analyse other cytokines or VDR. due to the poor performance of their assays in our laboratory. It would have been desirable to confirm our findings of the SNPs, by performing direct sequencing by Sanger, but we could not do so for financial reasons. But ours is a pioneering work in Irish paedriatic asthmatic research, and we hope that it will open new horizons for future studies in this area.
In summary, we have revealed an association of TaqI and ApaI polymorphisms of the VDR gene with a susceptibility to uncontrolled asthma in a cohort of paediatric Irish patients. Also, we have shown that the patients with TC for TaqI, and CC and CT genotypes for ApaI have a significantly low level of IL-10 and increased WBC (neutrophils in particular). In our study we were the first to observe that TT and CC haplotypes were significantly associated with asthma in Irish children and could be potential biomarkers for paediatric asthma.
Further and more extensive functional studies will be necessary to confirm our findings in order to elucidate the underlying mechanisms in asthma that are related to vitamin D and VDR polymorphisms in specific asthma phenotypes. 
